ABSTRACT. Optimal management of air quality in pig confinement
2005), the influence of environmental factors on aerial contaminants (Attwood et al., 1987; Heber et al., 1988; Kiekhaefer et al., 1995) , and the exposure levels to hazardous substances and their association with observed respiratory disorders (Donham et al., 1986; Duchaine et al., 2000) . However, there are few studies to date that simultaneously evaluate the exposure levels of the farmers and pigs to aerial contaminants in the confinement piggery and any correlations between them.
Thus, the objective of this study was to investigate the actual concentrations of aerial contaminants in the breathing zones of the farmers and pigs, and to statistically verify their actual level of exposure and any correlations.
MATERIAL AND METHODS

EXPERIMENTAL DESIGN
The pig confinement building (4.6 × 12.0 × 3.0 m) was located on the stock farm of the College of Agriculture, Seoul National University, in Korea. It had a 0.45 m deep manure pit under a fully slatted floor with a pit surface area of 22.8 m 2 . There were five pens (1.9 × 2.4 × 0.7 m), installed with open partitions and constructed from galvanized steel spindles 3.7 cm apart, on either side of a 0.8 m wide central alley. The floor consisted of slats. The inside of the building was insulated with 0.8 mm steel plates and 50 mm Styrofoam in the side walls and ceiling. The layout of the experimental housing is given in figure 1 .
At the beginning of experiment, the slurry pit was empty and clean. Every two weeks during the experimental period, the slurry was incompletely removed from the pit by a typical gravity-drain waste system. Ventilation in the pig confinement building was provided by a negative-pressure system built into the wall. The air enters the compartment via two perforated ducts (25 cm dia.) located below the ceiling and is discharged downward to the pigs in the pens through twelve perforated holes (5 cm dia.) set 80 cm apart ( fig. 2) . A 70 cm diameter wall exhaust fan removes the stale air. An automatic controller adjusts the wall ventilation rate based on the optimal room temperature (22°C to 27°C) and relative humidity (50% to 70%) conditions appropriate to growing pigs.
Four crossbred (Landrace × Yorkshire × Duroc) growing pigs with an approximate average weight of 50 kg were randomly housed in each pen such that the floor space allocated per pig was 1.14 m 2 . All pigs were feeder-fed a 16% protein corn-soybean meal-based diet that satisfied the NRC nutrient requirements (NRC, 1998) . The feeders were manually filled once every two days. Pigs were given ad libitum access to feed and water supplied by a nipple.
MEASUREMENTS
Data presented in this article were collected over a 30-day period, with sampling every 3 days from April to June in 2005. Air samples were taken at a total of six locations: three sampling points were located at the breathing zone height of the farmer at 1.5 m and at the breathing zone height of the pig at 0.3 m. The other three sampling points were above the floor in the middle of the central alley and on both sides of the pen. The samplers were protected by mesh cages with a porosity of 92% to prevent access by the pigs. Samples were collected from 9:00 a.m. to 5:00 p.m., which is generally an average workday for the farmers. In addition to dust, which was sampled over 8 h, aerial contaminants were measured three times at 4 h intervals over 8 h, and their average was used as a representative value for the one-day experiment.
Total and respirable dust was measured using the gravimetric method. Glass fiber filters (37 mm dia., 0.8 mm pore size, Nuclepore Corp., Pleasanton, Cal.) were dried in a desiccator for 24 h and weighed on a microbalance (0.0001 g resolution, model AP250D, Ohaus, Pine Brook, N.J.) before and after collection under a controlled atmosphere to avoid rehydration. The flow rates for collecting dust were precalibrated to 2.0 L min −1 for total dust and 1.7 L min −1 for respirable dust, respectively. Air sampling was done with a low-volume sampling pump (model 71G9, Gilian Instrument Corp., West Cladwell, N.J.). Total particles were collected in a close-faced plastic cassette (Nuclepore Corp.), and respirable fractions were collected through 10 mm cyclone preselectors (Gilian Instrument Corp.). Control filters were brought to the sampling site and exposed, but not subjected to sampling, and weighed using the same procedure.
A one-stage viable particulate cascade impactor (model 10-800, Andersen, Inc.), set at flow rate of 28.3 L min −1 , was used for sampling airborne microorganisms. Before sampling, the inside of the sampler was disinfected with 70% alcohol and installed with an agar media plate. The agar media used for culturing total airborne bacteria, gram negative bacteria, and fungi were trypticase soy agar media (2087730, Becton Dickinson and Co., Franklin Lakes, N.J.), modified Conradi Drigalski agar media (2077810, Becton Dickinson and Co.), and 2% malt extract agar media (3111376, Becton Dickinson and Co.), respectively. After exposure, the plates were taken to the microbiology laboratory and cultured in the incubator for 1 to 2 days at 37°C for bacteria and for 3 to 5 days at 20°C to 25°C for fungi. After incubation, plates harboring between 30 and 300 colonies were enumerated, and the concentrations of airborne microbes were calculated from the number of colonies, the volume of air sampled, and the dilution factor.
Analysis of ammonia and hydrogen sulfide was performed according to the analytical methods recommended by NIOSH (1998) . Using an air sampling pump (model 71G9, Gilian Instrument Corp.) set at 2.0 L min −1 , air was collected for 10 to 20 min into an all-glass impinger-30 (Ace Glass, Inc., Vineland, N.J.) including the absorption fluid (10 ML, 0.1 M H 2 SO 4 solution) for ammonia and into a charcoal tube (Gilian Instrument Corp.) for hydrogen sulfide. After sampling, the absorption fluids and charcoal tubes were analyzed by ion chromatography (761 Compact IC, Metrohm, Herisau, Switzerland) with a resolution of 0.01 ppm. The odor concentration index was measured with a portable digital odor sensor (XP-329, Cosmos, Osaka, Japan) whose resolution and accuracy were 5% and 85%, respectively.
The inside temperature and relative humidity were monitored at 10 min intervals in real time through a hybrid recorder (MV 200, Yokogawa Electric Corp., Tokyo, Japan), and the data were simultaneously saved to the on-line computer.
DATA ANALYSIS
Student's t-test, by means of SAS (SAS, 2000) , was used to validate the significant differences in exposure level between the farmers' and pigs' breathing zones. Pearson's correlation test was used on the experimental data to represent statistical relationships among the measured variables. Figure 3 shows the concentrations of aerial contaminants measured in the farmers' and pigs' breathing zones in the pig confinement building. The mean concentrations of total dust in the farmers' and pigs' breathing zones were 1.98 (±1.24) mg m −3 and 2.76 (±1.01) mg m −3 , respectively (p < 0.05). The mean concentrations of respirable dust in the farmers' and pigs' breathing zones were 0.45 (±0.19) mg m −3 and 0.43 (±0.18) mg m −3 , respectively, indicating that the difference between them was not significant (p > 0.05). The averaged logarithmic values of total airborne bacteria, fungi, and gram negative bacteria were 5.78 (±5.21) cfu m −3 , 4.46 (±4.24) cfu m −3 , and 5.21 (±4.92) cfu m −3 in the farmers' breathing zone, and 7.56 (±5.47) cfu m −3 , 4.48(±4.28) cfu m −3 , and 5.24 (±5.01) cfu m −3 in the pigs' breathing zone, respectively. There was a significant difference in the total airborne bacteria between the farmers' and pigs' breathing zones (p < 0.05), but no significant differences in total airborne fungi or gram negative bacteria. The mean odor concentration indexes in the farmers' and pigs' breathing zones were statistically indistinguishable at 342 (±134) and 388 (±121). The mean concentrations of ammonia and hydrogen sulfide were 5.16 (±1.50) ppm and 42.23 (±16.4) ppb in the farmers' breathing zone and 3.79 (±1.31) ppm and 55.29 (±20.2) ppb in the pigs' breathing zone, respectively. The differences in ammonia and hydrogen sulfide between the farmers' and pigs' breathing zones were statistically significant (p < 0.05). Except for respirable dust and ammonia, exposure levels of aerial contaminants in the farmers' breathing zone were lower than those of the pigs' breathing zone.
RESULTS AND DISCUSSION EXPOSURE LEVEL OF AERIAL CONTAMINANTS BETWEEN FARMERS' AND PIGS' BREATHING ZONE
Concentrations of total dust and hydrogen sulfide in the pigs' breathing zone were significantly higher than that of the farmers' breathing zone, whereas ammonia concentration was significantly higher for the farmers (p < 0.05). Both airborne and settled dust concentrations decreased in a gradient from floor to ceiling (Barber et al., 1991) , supporting our result. This gradation of ammonia and hydrogen sulfide concentrations with height may be accounted for by differences in their densities compared to air. As ammonia has a lower density than air, the ammonia levels would be higher for the farmers, while hydrogen sulfide, being denser than air, would be higher near the pigs. This phenomenon is intensified with lower ventilation rates, which reduce air movement and mixing. Table 1 gives the coefficients and p-values for correlations between environmental variables in pig confinement buildings. In the breathing zone of the farmers, 1.5 m from the floor, the total dust correlated with all environmental variables except for respirable dust and inside temperature. Total dust was positively correlated with total airborne bacteria (r = 0.17), total airborne gram-negative bacteria (r = 0.75), odor concentration (r = 0.62), and hydrogen sulfide (r = 0.11), and negatively correlated with total airborne fungi (r = −0.44), ammonia (r = −0.23), and relative humidity (r = −0.41). Respirable dust was negatively correlated with total airborne fungi (r = −0.46, p < 0.05), and a positive correlation was seen between total airborne fungi and relative humidity at a 99% confidence level. Odor concentration index exhibited the best positive correlation with hydrogen sulfide (r = 0.95, p < 0.01), followed by relative humidity (r = 0.76, p < 0.01), while it was negatively correlated with ammonia (r = −0.54, p < 0.05). Hydrogen sulfide correlated positively with relative humidity (r = 0.77, p < 0.01) and negatively with ammonia (r = −0.57, p < 0.01).
CORRELATIONS BETWEEN ENVIRONMENTAL VARIABLES IN PIG CONFINEMENT BUILDINGS
In the pigs' breathing zone, 0.3 m from the floor, total dust was positively correlated with total airborne bacteria (r = 0.42), odor concentration (r = 0.55), and hydrogen sulfide (r = 0.23), while it was negatively correlated with relative humidity (r = −0.41). Just as with the breathing zone of farmers, respirable dust for the pigs was negatively correlated with total airborne fungi (r = −0.31). Total airborne bacteria was positively correlated with gram-negative bacteria at a 99% confidence level. Total airborne fungi had median-level correlations with gaseous contaminants and relative humidity at a 95% confidence level. Odor concentration index was positively correlated with hydrogen sulfide (r = 0.95) and relative humidity (r = 0.76) at a 99% confidence level, while it was negatively correlated with ammonia (r = −0.54, p < 0.05). Hydrogen sulfide correlated positively with relative humidity (r = 0.72, p < 0.01) and negatively with ammonia (r = −0.55, p < 0.05).
Regardless of the delineation of the breathing zones (farmers vs. pigs), total correlations among the environmental variables in the pig confinement buildings were similar to those of the farmers' breathing zone. In general, total dust correlated with all the environmental variables, except for respirable dust and inside temperature. Total dust was positively correlated with total airborne bacteria (r = 0.30), total airborne gram-negative bacteria (r = 0.51), odor concentration (r = 0.58), and hydrogen sulfide (r = 0.27), while it was negatively correlated with total airborne fungi (r = −0.36), ammonia (r = −0.34), and relative humidity (r = −0.41). Respirable dust was negatively correlated with total airborne fungi (r = −0.38). Total airborne fungi exhibited median-level correlations with gaseous contaminants at a 95% confidence level and with relative humidity at a 99% confidence level. The correlation of odor concentration index with the environmental variables was identical in the two breathing zones. Hydrogen sulfide correlated positively with relative humidity (r = 0.75, p < 0.01) and negatively with ammonia (r = −0.56, p < 0.05).
Total dust significantly correlated with all the environmental variables except for respirable dust and inside temperature. This could be explained by dust particles easily adsorbing and carrying gases and airborne microorganisms (Donaldson, 1978; Robertson and Frieben, 1984; Bottcher, 2001; Tan and Zhang, 2004) . Based on our experimental results, relative humidity other than temperature significantly affected levels of aerial contaminants in the pig confinement building. According to some researchers, relative humidity and temperature appreciably influenced the variation of dust (Curtis et al., 1975; Heber et al., 1988) , gases (Sommer et al., 1991; Olesen and Sommer, 1993) , and airborne microorganisms (Malmberg et al., 1985) in pig buildings. Nevertheless, aerial contaminant levels in pig buildings were found to be affected primarily by relative humidity, not temperature (Grub et al., 1965; Bundy, 1984; Grant et al., 1989; White, 1990) . On the other hand, Nicks et al. (1993) reported no significant correlation between aerial contaminants and relative humidity. It is very difficult to separate the effects of temperature from relative humidity because relative humidity is dependent on temperature. Therefore, further studies on determining the relationship between aerial contaminants and temperature and relative humidity are needed.
CONCLUSIONS
Concentrations of total dust and hydrogen sulfide measured in the pigs' breathing zone were significantly higher than those measured at the farmers' breathing zone, and vice versa, for ammonia concentration, whereas there were no significant differences between the farmers' and pigs' breathing zones for other aerial contaminants. In conclusion, these results show that the farmers' exposure level is potentially lower for total dust and hydrogen sulfide and higher for ammonia than the pigs' exposure level. Total dust significantly correlated with all environmental variables, except for respirable dust and inside temperature. Relative humidity, rather than temperature, was mainly responsible for the fluctuations in aerial contaminants in the pig confinement building.
